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Genes Required for Systemic RNA Interference
in Caenorhabditis elegans
effect was also seen when transgenic animals express-
ing GFP in all tissues were fed on RNAi food targeting
GFP (Figures 1B and 1C). Thus rsd-4 and rsd-8 mutants
Marcel Tijsterman,1 Robin C. May,1
Femke Simmer, Kristy L. Okihara,
and Ronald H.A. Plasterk*
Hubrecht Laboratory appear to have a complete defect in the cellular uptake
Centre for Biomedical Genetics of dsRNA. In contrast, rsd-2, rsd-3, and rsd-6 mutants
Uppsalalaan 8 appear not defective in the initial uptake of dsRNA from
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The Netherlands distribute this dsRNA to the germline.
The absence of an established in vitro assay for RNAi
activity in C. elegans means that we cannot formally
Summary exclude the possibility that the rsd genes affect the
efficiency of the RNAi mechanism itself. However, in
RNA interference (RNAi) in the nematode worm, Caeno- contrast to mechanistic RNAi mutants (such as rde-1
rhabditis elegans, occurs systemically. Double-stranded [3]), all the rsd mutants are capable of performing RNAi
RNA (dsRNA) provided in the diet can be absorbed when dsRNA is injected into the germ line even at low
from the gut lumen and distributed throughout the concentration (0.5 ngl1, see Supplemental Data), sug-
body, triggering RNAi in tissues that are not exposed gesting that they function primarily in the uptake of
to the initial dsRNA trigger [1]. This is in marked con- dsRNA molecules from the environment rather than in
trast to other animals, in which RNAi does not spread modulating the efficiency of the core RNAi machinery
from targeted tissues to neighboring cells [2]. Here, within the cell.
we report the characterization of mutants defective in dsRNA uptake could occur either via a specific mech-
the systemic aspect of RNAi, but not in the core RNAi anism or by “piggybacking” on a more general mecha-
process itself. Analysis of these mutants suggests that nism for transporting molecules across cell membranes.
dsRNA uptake is a specific process involving several There is no apparent nutritional defect in any of the rsd
unique proteins. mutant animals, nor are lifespan, mating efficiency, or
brood size different to wild-type (data not shown), sug-
Results and Discussion gesting that the deficiency in dsRNA uptake does not
reflect a general defect in nutrient absorption. We also
RNAi is a powerful tool to silence gene expression post- tested whether the rsd mutants were specifically defec-
transcriptionally. In C. elegans, RNAi acts systemically– tive in nucleic acid uptake. In the absence of endoge-
the local application of dsRNA triggers silencing of ho- nous nucleotide synthesis, C. elegans is able to meet
mologous sequences throughout the organism and not its nucleotide requirement by absorbing nucleic acids
merely in the region exposed to the initial trigger. In from the gut. Inhibition of endogenous nucleic acid syn-
contrast, systemic spread of RNAi does not appear to thesis by the folic acid antagonist aminopterin does
occur in other animals such as Drosophila [2] or mam- not affect the growth rate of wild-type worms, whereas
mals. Understanding how systemic RNAi occurs in C. mutants that are impaired in dietary nucleic acid uptake
elegans–and why this does not occur in humans–will be (e.g., nuc-1 [4]) show severe developmental retardation
critical to the future clinical application of RNAi.
under the same conditions. Neither rsd-2, -3, -4, -6, or -8
To investigate the molecular basis of systemic RNA,
animals showed a reduction in growth rate or increased
we conducted a genetic screen to identify mutants de-
lethality when exposed to 10, 50, or 100 mM aminopterin
fective in this process (Figure 1A). From this screen we
in the growth medium (n 10 per mutant, per treatment),isolated thirty mutants that fall into at least five comple-
whereas nuc-1 animals showed severe growth reductionmentation groups. These mutants we termed rsd, for
even at the lowest concentration. Thus, the dsRNA up-RNAi spreading defective. We could divide these mu-
take pathway leading to systemic RNAi is distinct fromtants into two classes based on phenotype. rsd-4 and
the general nucleic acid scavenging pathway.rsd-8 showed no RNAi phenotype when fed dsRNA for
We wondered whether general endocytic/exocyticgermline-expressed genes (such as pos-1) or somatic
pathways might be responsible for the uptake and distri-genes (such as unc-22), although injection of either
bution of dsRNA that is necessary for systemic RNAi.dsRNA was able to generate the corresponding RNAi
We tested several genetic mutants (dyn-1 and ehs-1,phenotype (Table 1). The second class, composed of
components of the clathrin endocytosis pathway; cav-1rsd-2, rsd-3, and rsd-6, also showed no phenotype when
and cav-2, components of the caveolin pathway; rme-1fed on dsRNA against a germline gene such as pos-1.
and rme-8, proteins required for receptor-mediated en-However, RNAi directed against somatic genes was still
docytosis; see [5, 6] and references therein) and numer-able to produce somatic phenotypes in these mutants.
ous additional endocytosis genes by RNAi, but noneThis effect was reproducible for a number of different
showed any defect in systemic RNAi (although pre-somatic and germline genes (Table 1). In addition, this
viously reported endocytosis defects were observed as
expected). Similarly, the rsd mutants do not show nutri-*Correspondence: plasterk@niob.knaw.nl
1These authors contributed equally to this work. tional or neuronal phenotypes, as might be expected if
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Figure 1. Identification and Characterization of RNAi Spreading-Defective Mutants
(A) A genetic screen for mutants defective in systemic RNAi. (I) L4 animals were fed with bacteria expressing dsRNA for a portion of the pos-1
or par-1 genes. Wild-type worms grown on these foods show complete embryonic lethality, laying only dead eggs. We isolated surviving F1
worms from this screen to select for mutants with a defect at some point in the RNAi pathway (grey box). (II) To exclude mutants with a defect
in the core RNAi processing mechanism, we injected the progeny of these mutants with in vitro synthesized dsRNA for the same portion of
the pos-1 or par-1 genes and then selected for mutants that now produced dead eggs (grey box). Mutants that laid viable eggs when dsRNA
was delivered in the diet but only dead eggs when injected with the same dsRNA are thus impaired in systemic RNAi, but not in the RNAi
mechanism itself.
(B) One group of rsd mutants (rsd-2, rsd-3, and rsd-6) remain sensitive to RNAi against somatic genes. (i) rsd-3 animals show widespread
somatic expression of GFP under control of an rpl-5 promoter. (ii) Feeding these animals on bacteria expressing dsRNA for GFP triggers
silencing of somatic GFP expression except in some neuronal cells (reflecting the fact that neuronal cells are frequently recalcitrant to RNAi).
This effect is also seen for rsd-2 and rsd-6 animals, whilst rsd-4 and rsd-8 show no silencing of somatic GFP expression under the same
conditions (data not shown).
(C) rsd animals do not show silencing of germline genes following ingestion of dsRNA. (i) The pie-1 promoter drives expression of GFP in the
germline of rsd-3 animals. (ii) This expression is not reduced by feeding these animals on dsRNA against GFP. (iii) In contrast, germline GFP
expression is lost upon feeding GFP dsRNA to wild-type (N2) animals. Germline expression of GFP is also not silenced by feeding dsRNA in
any of the other rsd mutants (data not shown).
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Table 1. The rsd Mutants Fall into Two Classes Based on Phenotype
Gene Tested by RNAi Wild-Type (N2) Class I (rsd-4, rsd-8) Class II (rsd-2, rsd-3, rsd-6)
Somatic Genes
unc-22 twitch  twitch
unc-15 unc  unc
D1081.2 unc  unc
Germline Genes
pos-1 emb  
par-1 emb  
F26H9.6 emb  
par-6 emb  
ZK858.4 emb  
F36F2.3 emb  
rab-5 emb  
ZK1014.1 ste  
The rsd genes can be divided into two classes based on phenotype. Class I mutants are not susceptible to RNAi via feeding of either germline
or somatic genes, whereas Class II mutants are sensitive to RNAi of somatic genes, but not of germline genes. Phenotypes based on that
used by Wormbase (www.wormbase.org). Abbreviations: twitch, uncontrollable body muscle twitching; unc, uncoordinated motion; emb,
embryonic lethality; ste, sterility.
vesicle trafficking was aberrant in these animals, nor cells such as coelomocytes, or in the endocytic uptake
of yolk proteins into the oocyte (data not shown). Takenare there defects in the uptake of fluorescent dextran
from the medium, in the behavior of highly endocytic together, these results indicate that the uptake and cell-
Figure 2. Genomic Location and Molecular
Identity of the rsd Genes
(A) The location of the rsd genes in the C.
elegans genome. Roman numerals designate
the six different C. elegans chromosomes,
and vertical measurements indicate position
along chromosome in centimorgans.
(B) Diagrammatic representation of the novel
rsd alleles isolated from the screen. Each
gene is shown as a linked exon (above) and
a complete cDNA (below), with conserved do-
mains highlighted and the nature of the differ-
ent alleles shown.
Figure 3. RSD-3 Is Expressed in Coelomocytes and Is Homologous to the Human Protein Enthoprotin
(A) rsd-3 is highly expressed in endocytic cells. A transgenic animal with GFP fused to exon V of the rsd-3 gene shows high expression in
the coelomocytes. An identical expression pattern was observed for transgenic animals in which GFP was fused to the end of the protein
(data not shown). (i) fluorescent image, showing RSD-3 expression. (ii) Nomarski image of the same area of the animal. (iii) Merged image.
(B) Alignment of C. elegans RSD-3 and human Enthoprotin. The ENTH domain is shaded grey and residues highlighted in red (high consensus),
blue (low consensus), or black (no consensus). The two proteins show 37% identity and 51% similarity over the entire length of RSD-3.
(C) A rooted tree showing the evolutionary relationship of C. elegans and human ENTH domain-containing proteins. Enthoprotin and RSD-3
do not cluster together with ENTH-domain proteins that act in the clathrin-endocytosis pathway. Characterized proteins are named, all other
ENTH domain-containing proteins are denoted by their ENSEMBL reference (human proteins) or their Wormbase gene name (C. elegans
proteins).
Systemic RNAi in C. elegans
115
to the far end of chromosome III). The first gene to be
cloned in this way was rsd-8, identified as C04F5.1 on
chromosome V (Figure 2A). Noncomplementation test-
ing and candidate sequencing identified four alleles of
rsd-8 (Figure 2B). RSD-8 is predicted to be a multipass
transmembrane protein with a large extracellular por-
tion, suggestive of a role as a dsRNA receptor or chan-
nel. During the course of this work, rsd-8 was indepen-
dently cloned and reported by another group [7] as sid-1
(systemic interference defective). We therefore focused
our subsequent work on the other rsd genes.
Two independent alleles of rsd-3 were mapped to
locus C34E11.1 (chromosome X, Figures 2A and 2B).
C34E11.1 encodes a protein with an epsin N-terminal
homology (ENTH) domain. ENTH domains bind phos-
phoinositides and frequently occur in vesicle trafficking
proteins [8], suggesting that RSD-3 may play a vesicle-
trafficking role during systemic RNAi. In support of this,
two independent transgenic lines expressing RSD-3 un-
der its own promoter showed widespread expression
but with particularly high expression in the coelomo-
cytes (Figure 3A), highly endocytic cells that perpetually
“sample” fluid within the body cavity of the worm [5, 9].
By reciprocal BLAST analysis, RSD-3 is the homolog of
a recently identified human protein, Enthoprotin, which
has been implicated in vesicle trafficking in mammals
[10] (Figure 3E). We analyzed the evolutionary relation-
ship of all C. elegans and human proteins containing
ENTH domains (Figure 3C). RSD-3 and Enthoprotin clus-
ter together and are not closely associated with ENTH-
domain proteins known to play more general roles in
endocytosis (Figure 3C), in agreement with our observa-
tion that rsd-3 mutants do not have a general endocytic
defect. Thus, RSD-3 may act to regulate vesicle traffick-
ing in a pathway specific for systemic RNAi.
We mapped rsd-2 and rsd-6 to loci F52G2.2 (chromo-
some IV) and F16D3.2 (chromosome I), respectively, and
identified two (rsd-6) and three (rsd-2) independent al-
leles of each (Figures 2A and 2B). RSD-2 is a large
protein with no discernible motifs or close homologs in
other organisms that may be informative of its molecular
function. In contrast, RSD-6 contains a Tudor domain,
a structure frequently found in RNA binding proteins
although not itself believed to be an RNA binding motif
[11], implicating RSD-6 in RNA binding. To probe the
function of RSD-6, we performed a yeast two-hybrid
screen against a complete C. elegans cDNA library. Sur-Figure 4. Systemic RNAi Does Not Occur When dsRNA Is Expressed
prisingly, the protein most frequently found to interactEndogenously from a Hairpin Construct
with RSD-6 was RSD-2. By serial truncation of the twopkIs1582 animals show widespread nuclear expression of GFP [15].
proteins we mapped the interacting interface to aminoThe expression in intestinal cells can be extinguished by expressing
dsRNA for GFP from a hairpin GFP construct under control of the acids 280–411 of RSD-6 and residues 818–1266 of
elt-2 promoter, but loss of expression is only seen in cells containing RSD-2 (Figure 2B). Thus, RSD-2 and RSD-6 appear to
the hairpin. The cell marked with the white arrow contains the hairpin act in a complex to mediate systemic RNAi.
GFP construct. Although the nucleus is still visible by differential
Finally, we sought to visualize systemic RNAi at theinterference contrast microscopy (A), there is no GFP visible in this
cellular level. Soaking in fluorescent dsRNA against unc-nucleus (B). Neighboring cells without the hairpin continue to ex-
22 or pos-1 was able to trigger the corresponding RNAipress GFP (red arrows), indicating that dsRNA against GFP is unable
to spread from cell to cell. phenotype (twitching or embryonic lethality, respec-
tively) [12], showing that the fluorescent dsRNA was
entering and spreading throughout the animal. However,
to-cell spread of dsRNA does not occur by piggybacking we were unable to observe specific accumulation of
onto a general endocytosis mechanism. fluorescent dsRNA at the cellular level and thus con-
We identified four of the five genes isolated from our clude that the quantities of dsRNA taken up to induce
systemic RNAi are too small to be visualised in this way.genetic screen (rsd-4 has not yet been cloned but maps
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2. Roignant, J.Y., Carre, C., Mugat, B., Szymczak, D., Lepesant,In a second strategy, we sought to follow systemic RNAi
J.A., and Antoniewski, C. (2003). Absence of transitive and sys-indirectly by observing cell-to-cell spread of the RNAi
temic pathways allows cell-specific and isoform-specific RNAieffect in transgenic animals. Animals were generated in
in Drosophila. RNA 9, 299–308.
which widespread GFP expression was silenced in some 3. Tabara, H., Sarkissian, M., Kelly, W.G., Fleenor, J., Grishok, A.,
intestinal cells (the likely entry point of dietary dsRNA) Timmons, L., Fire, A., and Mello, C.C. (1999). The rde-1 gene,
RNA interference, and transposon silencing in C. elegans. Cellby expression of dsRNA against GFP from a hairpin
99, 123–132.construct (see Experimental Procedures). However, al-
4. Sulston, J.E. (1976). Post-embryonic development in the ventralthough cells containing the hairpin construct showed
cord of Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. Bfull silencing of GFP (indicating that dsRNA against GFP
Biol. Sci. 275, 287–297.
is being produced by the hairpin and is able to trigger 5. Fares, H., and Grant, B. (2002). Deciphering endocytosis in
an RNAi effect), we never observed a systemic spread Caenorhabditis elegans. Traffic 3, 11–19.
6. Salcini, A.E., Hilliard, M.A., Croce, A., Arbucci, S., Luzzi, P.,of this RNAi effect from the hairpin-containing cell to
Tacchetti, C., Daniell, L., De Camilli, P., Pelicci, P.G., Di Fiore,other tissues or even to neighboring intestinal cells that
P.P., et al. (2001). The Eps15 C. elegans homologue EHS-1do not contain the hairpin (Figure 4). There is one report
is implicated in synaptic vesicle recycling. Nat. Cell Biol. 3,in the literature of systemic RNAi triggered by a hairpin
755–760.
construc [7], but the construct used in this case is likely 7. Winston, W.M., Molodowitch, C., and Hunter, C.P. (2002). Sys-
to express dsRNA at extremely high levels [13], and temic RNAi in C. elegans requires the putative transmembrane
protein SID-1. Science 295, 2456–2459.the extent of systemic spreading observed is weak. In
8. De Camilli, P., Chen, H., Hyman, J., Panepucci, E., Bateman,addition, another group has recently reported a lack of
A., and Brunger, A.T. (2002). The ENTH domain. FEBS Lett. 513,systemic spreading from hairpin constructs [13]. This
11–18.suggests that dsRNA expressed from a hairpin within a
9. Fares, H., and Greenwald, I. (2001). Genetic analysis of endocy-
cell is unable to trigger systemic RNAi, whilst dsRNA tosis in Caenorhabditis elegans: coelomocyte uptake defective
against the same gene that is delivered from the environ- mutants. Genetics 159, 133–145.
ment (by feeding or soaking) can trigger a systemic effect. 10. Wasiak, S., Legendre-Guillemin, V., Puertollano, R., Blondeau,
F., Girard, M., de Heuvel, E., Boismenu, D., Bell, A.W., Bonifa-This may reflect intrinsic differences between hairpin-
cino, J.S., and McPherson, P.S. (2002). Enthoprotin: a novelderived dsRNA and exogenously supplied dsRNA. For
clathrin-associated protein identified through subcellular pro-example, perhaps dsRNA molecules must be “pack-
teomics. J. Cell Biol. 158, 855–862.
aged” into endocytic vesicles before being distributed 11. Selenko, P., Sprangers, R., Stier, G., Buhler, D., Fischer, U., and
systemically, and this packaging step does not occur Sattler, M. (2001). SMN tudor domain structure and its interac-
with endogenously produced dsRNAs. tion with the Sm proteins. Nat. Struct. Biol. 8, 27–31.
12. Maeda, I., Kohara, Y., Yamamoto, M., and Sugimoto, A. (2001).RNAi is an evolutionarily widespread phenomenon,
Large-scale analysis of gene function in Caenorhabditis elegansoccurring in fungi, protozoa, plants, and animals. How-
by high-throughput RNAi. Curr. Biol. 11, 171–176.ever, the ability of RNAi to be induced systemically after
13. Timmons, L., Tabara, H., Mello, C.C., and Fire, A.Z. (2003). Induc-a local trigger appears to be highly restricted–only C.
ible systemic RNA silencing in Caenorhabditis elegans. Mol.
elegans, plants, and recently, planarians [14], have been Biol. Cell 14, 2972–2983.
reported to show systemic RNAi. We report here the 14. Newmark, P.A., Reddien, P.W., Cebria, F., and Alvarado, A.S.
(2003). Ingestion of bacterially expressed double-stranded RNAidentification of proteins required for systemic RNAi in
inhibits gene expression in planarians. Proc. Natl. Acad. Sci.C. elegans. Of the four genes described, only one (rsd-3)
USA 100, 11861–11865.has a close homolog in other animals. This may explain
15. Simmer, F., Tijsterman, M., Parrish, S., Koushika, S., Nonet, M.,the absence of systemic RNAi in mammals and suggests
Fire, A., Ahringer, J., and Plasterk, R. (2002). Loss of the putative
a possible means of producing mammalian cells capa- RNA-directed RNA polymerase RRF-3 makes C. elegans hyper-
ble of performing systemic RNAi. sensitive to RNAi. Curr. Biol. 12, 1317–1319.
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at http://www.current-biology.com/cgi/content/full/14/2/111/DC1/.
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